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ProliferationThe retinal pigment epithelium (RPE) plays an essential role in the survival and function of the neural retina.
RPE uncontrolled proliferation leads to the development of proliferative ocular pathologies, among which
proliferative vitreoretinopathy (PVR) is the main cause of retinal surgery failure. Upon the breakdown of the
BRB due to trauma or metabolic imbalance the contact of RPE with serum-contained thrombin has been
shown to stimulate the proliferation of otherwise quiescent RPE cells. Although the molecular mechanisms
involved in this effect are still undetermined, thrombin proteolytic activation of protease-activated G protein
coupled receptor-1 (PAR-1) activates PI3K and Akt, known to play an essential role in proliferation. The
present study demonstrates that: 1) thrombin stimulates Ser 473 Akt phosphorylation without affecting Thr
308 basal phosphorylation in RPE cells; 2) thrombin-induced Akt stimulation promotes cyclin D1
accumulation through the phosphorylation/ inhibition of GSK-3β, thus preventing Thr 286 cyclin D1
phosphorylation, nuclear export and degradation; 3) Akt signaling requires the upstream activation of PI3K
and PLC. Since the pharmacological inhibition of these pathways or the silencing of cyclin expression prevent
thrombin-induced RPE cell proliferation, these results contribute relevant evidence for establishing the
mechanism involved in the development of proliferative eye diseases.: +52 55 5622 5607.
Colomé).
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The retinal pigment epithelium (RPE) is a monolayer of differen-
tiated cells located between the neural retina and the choroidal
vasculature which performs essential functions for the survival of
retinal neurons and the maintenance of the visual process [1]. Among
its functions, RPE contributes to the formation of the blood-retina
barrier (BRB), which in addition to maintaining ionic homeostasis at
the subretinal space prevents the access of proteins and blood
components to the neural retina. Several pathological insults
involving the alteration of the BRB expose RPE to serum components
[2,3] including thrombin, a serine protease known to play a central
role in the coagulation cascade. Thrombin has been shown to
participate in a display of cellular responses such as the promotion
of growth factor secretion, neural cell survival and apoptosis,
cytoskeleton rearrangements and cell proliferation in several cell
types [4,5]. Although RPE cells are mitotically inactive under
physiological conditions, the contact of RPE with serum-contained
thrombin upon the breakdown of the BRB could be involved in the
dedifferentiation, proliferation and migration of RPE cells, central
phenomena in the pathogenesis of proliferative vitreoretinopathy(PVR), the major cause of failure in retinal surgery aimed to the
correction of retinal detachment or severe ocular trauma [6].
Thrombin exerts its actions by activating a small family of G
protein-coupled receptors (GPCRs) named Protease-Activated Re-
ceptors (PARs), by the proteolytic cleavage of a speciﬁc N-terminal
receptor sequence which unmasks a fresh N-terminal that functions
as an intramolecular ligand, thus activating PARs and the receptor-
coupled G proteins. Four members of the PAR family have been
described: PAR-1, PAR-3, and PAR-4, activated by thrombin, and PAR-
2 activated by trypsin, tryptase, and other trypsin-like proteases. PAR-
1, the prototype of this family, signals through Gq11α, G12/13α, and Giα
G proteins, which accounts for the pleiotropic action of its ligands [7].
PAR-mediated activation of Gq induces an increase in intracellular
inositol-trisphosphate (IP3) and calcium, and the downstream
activation of protein kinase C (PKC), phosphoinositide-3 kinase
(PI3K), and mitogen-activated protein kinases (MAPKs). The activa-
tion of PARs is also coupled to the inhibition of adenylyl cyclase via Giα
G proteins and, more recently, PAR-1 coupling to G12/13 activationwas
identiﬁed, although the downstream modulation of G12/13 effectors
such as Rho GTPase and guanine nucleotide exchange factors (GEFs)
by PAR-1 stimulation remains largely undeﬁned [8].
PAR-1 stimulation has been shown to promote intracellular
signaling through the activation of the MAPK ERK1/2, PKC and PI3K
cascadeswhich are involved in the regulation of the cell cycle regulator
cyclin D1 [9]. Particularly, thrombin activation of PI3K family of lipid
kinases through a Gβγ subunit-dependent mechanism [10] results in
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downstream stimulation of Protein Kinase B (Akt/PKB), known to be
involved in the development of proliferative diseases [11,12].
Based on their speciﬁcity, structure and regulation, PI3Ks are
grouped in three classes [13]. Class I PI3Ks are heterodimeric enzymes
which generate phosphatidylinositol-3,4,5-trisphosphate (PIP3) from
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2), whereas the mo-
nomeric PI3Ks in class II generate phosphatidylinositol-3,4-bispho-
sphate (PI-3,4-P2) and those in class III generate PI-3,4-P2 and PIP3in
vivo. The class I PI3K family includes two subfamilies: class IA,
activated by receptor tyrosine kinases (RTKs), and class IB, activated
by GPCR-dependent signaling [14].
Distinct growth factors and hormones induce the translocation of
PI3K catalytic subunit to the plasma membrane [15] where the
phosphorylation of membrane phosphatidylinositol at the C3-OH
position of the inositol ring is known to anchor proteins containing
plekstrin homology (PH) domains such as Akt/ PKB and PDK1. The full
activation of Akt requires the phosphorylation of Thr 308, located in the
activation loop, and of Ser 473, located in the C-terminal region [15].
While PDK1 has been shown to phosphorylate Thr 308, the kinase
responsible for Akt Ser 473 phosphorylation remains undetermined,
although rapamycin-insensitive complex of mammalian target of
rapamycin (mTORC2) seems to be a viable candidate [16–18].
Akt, the main effector of PI3Ks, regulates cell proliferation through
distinct mechanisms that involve the activation of MAPK, GSK-3β, p70
S6K signaling cascades; the activation of transcription factors such as
NFκB, Forkhead and AP-1; and the control of translation by mTORC1
[15,19,20]. Importantly, the PI3K/PDK1/Akt pathway is up-regulated
in proliferative diseases, including cancer [14].
Thrombin has been shown to induce the expression of cyclin D1 in
cortical neurons [21] as well as the proliferation of brain astrocytes
and retinal glia [4,5]. Particularly in RPE cells, the activation of PAR-1
by thrombin promotes cell cycle progression and proliferation by
increasing c-Fos and cyclin D1 expression, mediated by PI3K/ERK1/2
and PLC-β/PKC signaling [22,23]. Also on this line, studies in human
RPE cells have demonstrated that the inhibition of cyclin D1
expression signiﬁcantly prevents serum-induced proliferation [24].
Based on these data, a role for thrombin in the pathogenesis of
proliferative eye disorders such as PVR may be considered.
Our previous work demonstrated that thrombin stimulation in-
creases cyclin D1 gene expression and proliferation of RPE cells [23]. In
addition togeneexpression, cyclinD1 concentration is under the control
of molecular mechanisms which regulate cyclin degradation [9,20,25].
Among these, glycogen synthase kinase 3β (GSK-3β) is known to
repress cell cycle progression by directly phosphorylating cyclin D1 [19]
and indirectly regulating cyclin D1 transcription by inhibiting Wnt
signalling. Cyclin D1 phosphorylation at Thr 286, promotes cyclin
nuclear-cytoplasmic translocation and rapid degradation [26,27].
To further investigate the molecular mechanism responsible for
thrombin-induced RPE cell proliferation, in the present study we
analyzed the role of PI3K/PDK1/Akt/GSK-3β signaling in thrombin
promotion of cyclin D1 expression and RPE cell proliferation. Our
results demonstrate for the ﬁrst time that thrombin induces the
progression of cell cycle, and the proliferation of RPE cells through the
activation of Akt and the downstream inactivation of GSK-3βwhich in
turn, leads to cyclin D1 stabilization and accumulation.
2. Materials and methods
2.1. Reagents
All reagents used were cell culture grade. Thrombin, hirudin, AG-
1478 and Ro-32-0432were obtained from Calbiochem (San Diego, CA,
USA); AG-1296, wortmannin, triﬂuoperazine and Akt inhibitor were
from Sigma (St. Louis MO, USA); PPACK was from Enzo Life Science
(Farmingdale, NY, USA) OSU was from Echelon biosciences (Salt LakeCity, UT, USA); LY294002, U-73122 and KN62 were from Tocris
(Ellisville, MO, USA). Serum-free Opti-MEM (Invitrogen, Carlsbad, CA,
USA) was used as the standard medium for all assays.
The monoclonal antibodies rabbit anti-Akt, rabbit anti-phospho
Akt Ser 473, rabbit anti-GSK-3β and rabbit anti-phospho GSK-3β Ser 9
were obtained from Cell Signaling Technology (Danvers, MA, USA).
Rabbit anti-phospho Akt Thr 308, mouse anti-cyclin D1, mouse anti-
actin and mouse anti-GAPDH were purchased from Santacruz Biolabs
(Santacruz, CA, USA). Secondary HRP-conjugated anti-rabbit IgG and
HRP-conjugated anti-mouse IgG antibodies were from Zymed
Laboratories (San Francisco, CA, USA).
2.2. Cell culture
RPE cells were isolated from 8- to 10-day-old Long Evans rat, as
previously described [28]. Brieﬂy, the eyes were enucleated, rinsed in
Dulbecco modiﬁed Eagle medium (DMEM) containing 0.0125%
penicillin and streptomycin, 0.025% neomycin, and 0.01% nystatin
(Gibco BRL), and incubated in DMEM containing 2% dispase for 30 min
at 37 °C. After removal of the sclera, RPEwas detached in calcium- and
magnesium-free Hanks’ balanced salt solution (HBSS), incubated in
the presence of 0.1% trypsin-EDTA (Gibco) for 2 min, and mechani-
cally dissociated using a Pasteur pipette. Trypsin digestion was
stopped by 4% fetal bovine serum (FBS, Gibco BRL). Cells were
separated by centrifugation, suspended in Opti-MEM plus 4% FBS, and
seeded in six-well plates at 3×104cells/cm2 density. After 4 days in
culture, cells were serum-deprived for 48 h prior to stimulation with
thrombin (0–4 U/ml), in order to synchronize the cells. The effect of
serum deprivation on RPE cell viability was assessed by trypan blue
exclusion. Cell viability in serum-deprived vs. control cultures in
serum-containing medium was≥90%. All experiments were per-
formed in synchronized cultures.
2.3. RPE cell proliferation
RPE cell proliferation was determined by [3H] thymidine incorpo-
ration and the colorimetric MTS [(3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl) -2H- tetrazolium] reduc-
tion method in non-conﬂuent cultures, as previously described [22,23].
Cells were incubated for 24 h with 0.2 μCi/ml [3H] thymidine (Perki-
nElmer; 16 Ci/mmol) in the absence (control) or presence of thrombin.
After washing in PBS, cultureswere added trichloroacetic acid (10%) for
1 h, solubilized in 0.5% sodium dodecyl sulfate (SDS), and counted for
radioactivity in a liquid scintillation counter (Beckman). Proliferation
was also assessed by MTS reduction method (Cell Titer 96® Aqueous
One Solution Reagent, Promega) following the manufacturer's in-
structions. Absorbance at 490/630 nm was corrected for background,
and the optical density (OD) from non-stimulated cultures was
arbitrarily set as 100% (basal) proliferation. When tested, inhibitors
were added 1 h prior to thrombin stimulation.
2.4. Western blot analysis
Cells were disrupted in lysis buffer containing 50 mM Tris–HCl pH
7.4, 150 mMNaCl, 10 mM EDTA, 0.1% SDS, 1%, Triton X-100, 1% CHAPS,
0.5% NP40, 0.1% BSA, 40 mM β-glycerophosphate, 10 mM sodium
pyrophosphate, and 10% of a protease inhibitor cocktail (SIGMA).
Protein in the lysateswas quantiﬁed using the Bradfordmethod and
20 μg of the total protein was used for protein immunodetection
analysis. The lysates were solubilized in Laemmli buffer (0.75 mMTris–
HCl; pH 8.8, 5% SDS, 20% glycerol and 0.01% bromophenol blue), boiled
for 5 min, resolved by SDS/PAGE (12.5%), and transferred onto
polyvinyldiene diﬂuoride (PVDF)membranes (AmershamBiosciences).
After blocking for 1 h at room temperature with 5% non-fat milk in
Tween TBS, the PVDFmembraneswere probedwith primary antibodies
against Akt (1:1000), phospho Akt Ser 473 (1:1000), phospho Akt Thr
Fig. 1. Thrombin stimulates Ser 473 Akt phosphorylation. Cells were cultured as described in Materials and methods and stimulated with 4 U/ml thrombin. Relative Akt
phosphorylation was determined by Western blot. Thrombin induced the time-dependent phosphorylation of Akt on Ser 473. Thr 308 Akt phosphorylation level was unaffected by
thrombin treatment. Results are expressed as the mean±SEM of three independent experiments. ** Pb0.01, Student's t-test, compared to control.
1760 A. Parrales et al. / Biochimica et Biophysica Acta 1813 (2011) 1758–1766308 (1:500), GSK-3β (1:1000), phospho GSK-3β Ser 9 or cyclin D1
(1:3000) at 4 °C for 24 h. Secondary HRP-conjugated antibody (1:5000)
was included for 1 h and membranes were developed using the
Immobilon Western AP Chemiluminescent Substrate (Millipore, Biller-
ica, MA, USA). Kodak® ﬁlm images were digitized using an Alpha Digi-
Doc system (Alpho-Innotech, San Leandro, CA, USA), and densitometric
analysis was performed using the Quantity One Software v4.6 from
BioRad (Hercules, CA, USA) and normalized to control values. GAPDH
immunodetection was used as loading control.
2.5. Cyclin D1 silencing
Cyclin D1 small interfering RNA (siRNA) was purchased from
Sigma (SASI_Rn02_00269089). The effect of cyclin D1 knockdownFig. 2. Thrombin induces the speciﬁc, dose-dependent phosphorylation of Akt on Ser 473. R
phosphorylation in a dose-dependent manner. B. Inactivation of thrombin by hirudin (8 U/
phosphorylation. Results are expressed as the mean±SEM of three independent experimeon RPE cell proliferation was tested in 30–50% conﬂuent cultures.
Transfection of siRNA was performed using Lipofectamine RNAi-
MAX reagent (Invitrogen, Carlsbad, CA, USA) in antibiotic-free 4%
FBS-supplemented Opti-MEM medium for 48 h. Following trans-
fection, cell proliferation was assessed by the MTS reduction
method. Cyclin D1 silencing was determined by western blot.
Lipofectamine-treated and non-treated cells were used as controls.2.6. Statistical analysis
Raw data for analysis were obtained from pooled RPE cells of
10–15 Long Evans Rats in three independent experiments. Unpaired
Student t-test was applied for statistical analysis, using the PrismPE cells were exposed to 4 U/ml thrombin for 30 min. A. Thrombin induced Ser 473 Akt
ml) or by the catalytic blocker PPACK (25 μM) prevents thrombin-induced Ser 473 Akt
nts. * Pb0.05, ** Pb0.01, Student's t-test, compared to control.
Fig. 3. Thrombin-induced Ser 473 Akt phosphorylation involves the activation of EGF
and PDGF receptors. Cells were stimulated with thrombin (4 U/ml) in presence or
absence of speciﬁc inhibitors for EGF (AG-1478, 10 μM) and PDGF (AG-1296, 10 μM)
receptor activity. The inhibition of EGF and PDGF receptors prevented thrombin-
induced Ser 473 Akt phosphorylation. Results are expressed as the mean±SEM of three
independent experiments. ** Pb0.01, Student's t-test, referred to control. @ Pb0.05,
Student's t-test, referred thrombin-stimulated cells.
Fig. 4. Thrombin-induced Akt activation requires PI3K activity. Cells were exposed to 4
wortmannin (100 nM) and LY294002 (10 μM). The inhibition of PI3K prevented thromb
independent experiments. * Pb0.05, ** Pb0.01, *** Pb0.001 Student's t-test, compared to c
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mined using Student's t-test.3. Results
3.1. Thrombin increases Akt phosphorylation/activation in RPE cells
The effect of thrombin on the phosphorylation of Akt at Thr 308
and Ser 473 was analyzed. As depicted in Fig. 1, exposure of
cultured cells to 2 U/ml thrombin results in a signiﬁcant increase in
Ser 473 Akt phosphorylation, reaching a plateau from 30 to 45 min
and gradually decreasing thereafter. In contrast, the phosphoryla-
tion level of Akt Thr 308 was not modiﬁed by this treatment (Fig. 1).
Exposure of RPE cells to increasing concentrations of thrombin
revealed a clear dose-dependence of Ser 473 Akt phosphorylation
(Fig. 2A), indicating the speciﬁcity of the effect. This result was
further conﬁrmed by the inhibition of this effect by the inactivation
of thrombin by its natural inhibitor hirudin, or by the catalytic
inhibitor PPACK prior to addition to the cultures (Fig. 2B). These
results demonstrate that thrombin stimulates the phosphorylation
of Akt at Ser 473 in a speciﬁc, dose-dependent manner, without
modifying Thr 308 basal level of phosphorylation.
Thrombin has been shown to promote the transactivation of
growth factor receptors in RPE cells [29]. In order to establish
whether thrombin-induced Akt activation depends on VEGF and
PDGF receptor transactivation, we tested the effect of speciﬁc
receptor inhibitors on thrombin-induced Ser 473 Akt phosphory-
lation. Our results showed that Akt phosphorylation requires VEGF
and PDGF receptor activation (Fig. 3).U/ml thrombin in the absence (control) or presence of the speciﬁc PI3K inhibitors
in-induced Akt phosphorylation. Results are expressed as the mean±SEM of three
ontrol.
Fig. 5. Akt activation by thrombin is unrelated to c/n PKC isoforms and CaMKII. RPE cells were stimulated with 4 U/ml thrombin, and Thr 308 and Ser 473 Akt phosphorylation was
assessed in the absence (control) or presence of speciﬁc enzyme inhibitors: U-73122 for PLC (2.5 nM); Ro-32-0432 for c/nPKC (20 μM), for calmodulin (triﬂuoperazine [TFP] 50 μM)
and for CaMKII (KN-62, 5 μM). The inhibition of PLC and calmodulin signiﬁcantly decreased the basal level of Thr 308 and Ser473 Akt phosphorylation, as well as thrombin-
stimulated Ser473 phosphorylation. Inhibition of c/nPKC and CamKII had no effect on Akt phosphorylation. Results are expressed as the mean±SEM of three independent
experiments. ** Pb0.01, Student's t-test, compared to control. @ Pb0.01, Student's t-test, compared to thrombin-stimulated cells.
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calmodulin signaling
The phosphorylation of Akt at Ser 473 has been suggested to
require the prior phosphorylation of Thr 308 by PI3K/PDK1 [15,17].
Since thrombin did not modify Thr 308 phosphorylation, we asked if
PI3K-dependent maintenance of basal Thr 308 phosphorylation is
required for the further phosphorylation of Ser 473. To this end, we
tested the effect of the PI3K inhibitors wortmannin and LY294002 on
Akt phosphorylation. Results in Fig. 4 show that wortmannin reduced
the basal phosphorylation of Thr 308 by 55.4%, and also inhibited, by
70.1%, thrombin-induced Akt phosphorylation at Ser 473. The
addition of LY294002 abolished both, the basal phosphorylation of
Thr 308 and thrombin-induced Akt phophorylation at Ser 473 (Fig. 4),
indicating that induction of Ser 473 phosphorylation requires Thr 308
phosphorylated Akt.
Calcium/calmodulin-dependent kinases, PKC and PLC have been
implicated in thrombin-induced signaling to Akt [17]. The possible
contribution of these pathways to thrombin-induced Akt phosphor-
ylation was tested by the pharmacologic inhibition of calmodulin by
triﬂuoperazine (50 μM), of CaMKII by KN-62 (5 μM), of c/nPKC by Ro-
32-0432 (20 μM), and of PLC by U-73122 (2.5 nM). Results showed
that CaMKII and c/nPKC isoforms are not involved in thrombin-
induced Akt phosphorylation; in contrast, the inhibition of PLC or
calmodulin prevented thrombin-induced Ser 473 Akt phosphoryla-tion by 74.9% and 66.5%, respectively (Fig. 5B). Furthermore, the
inhibition of PLC or calmodulin signiﬁcantly decreased the basal level
of Thr 308 phosphorylated Akt (Fig. 5A). Together, these results
indicate the participation of PI3K, PLC and calcium/calmodulin
signaling in thrombin-induced Akt activation.
3.3. Thrombin-induced RPE cell proliferation requires Akt activation
Our previous work showed that thrombin promotes RPE cell
proliferation [22,23]. To investigate if PI3K/PDK1/Akt signaling is
involved in the control of proliferation, we tested the effect of Akt and
PDK1 speciﬁc inhibition on [3H]-thymidine incorporation and MTS
reduction in thrombin-stimulated cells. Our results demonstrate that
the inhibition of Akt or PDK1 prevents thrombin-induced [3H]-
thymidine incorporation and MTS reduction, hence indicating the
inhibition of cell proliferation (Fig. 6A). These results suggest that
thrombin-induced proliferation requires PDK1/Akt activation in RPE
cells.
3.4. Akt mediates thrombin-induced cyclin D1 accumulation
The stimulation of cyclin D1 expression by thrombin in RPE cells
has been reported [23]. In order to establish if cyclin D1 accumulation
depends on PDK1/Akt activity, we analyzed the effect of Akt and PDK1
inhibitors on thrombin-induced cyclin D1 increase. Our results
Fig. 6. Induction of RPE cell proliferation by thrombin requires Akt-mediated cyclin D1 accumulation. Cells were stimulated with 4 U/ml thrombin in the presence or absence of Akt
inhibitor (500 nM) or the PDK1 inhibitor OSU-03-012 (5 μM). A. Proliferation wasmeasured by [3H]-thymidine incorporation (top) or MTT assay (bottom). Inhibition of Akt or PDK1
prevented thrombin-induced RPE cell proliferation. B. Cyclin D1concentration was determined by western blot. Inhibition of Akt or PDK1 prevented cyclin D1 expression. Results are
expressed as the mean±SEM of three independent experiments. *** Pb0.001, Student's t-test, compared to control. @ Pb0.01, # Pb0.001 Student's t-test, relative to thrombin-
stimulated cells.
Fig. 7. RPE cell proliferation requires cyclin D1 expression. A. RPE cells were transfected with cyclin D1 siRNA, and cyclin D1 level was determined after 72 h by western blot.
Proliferation was measured following 24 h thrombin treatment. Cyclin D1 siRNA decreased thrombin-stimulated cyclin D1 protein expression by 70%. B. Thrombin-induced RPE cell
proliferation measured by [3H]-thymidine incorporation, was prevented by silencing cyclin D1 expression. Non-transfected and lipofectamine-treated cells were used as controls.
Results are expressed as the mean±SEM of two independent experiments. * Pb0.05, *** Pb0.001 Student's t-test, compared to control.
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Fig. 8. Activation of Akt by thrombin induces GSK3β phosphorylation. RPE cells were stimulated with 4 U/ml thrombin in the absence or presence of speciﬁc inhibitors for Akt (500
nM) and PDK1 (OSU-03-012, 5 μM). Ser 9 GSK3β phosphorylation was determined by Western blot. A. Thrombin induced GSKβ phosphorylation from 45 min up to 480 min
stimulation. B. The Akt inhibitor (500 nM) and the PDK1 inhibitor OSU-03-012 (5 μM) prevented thrombin-induced GSK3β phosphorylation/inactivation in RPE cells. Results are
expressed as the mean±SEM of three experiments. * Pb0.05, ** Pb0.01, *** Pb0.001 Student's t-test, referred to control. @ Pb0.01, Student's t-test, referred thrombin-stimulated
cells.
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increase induced by thrombin (Fig. 6B), suggesting that this signaling
pathway is responsible for RPE proliferation. In order to conﬁrm this
assumption, we asked if thrombin-induced proliferation requires
cyclin D1 gene expression, by silencing cyclin D1 expression using
speciﬁc siRNA. Results depicted in Fig. 6A demonstrate that cyclin D1
silencing by siRNA transfection decreases cyclin D1 protein expres-
sion by 70%. Furthermore, an 86.5% decrease in thrombin-induced RPE
cell proliferation was observed upon cyclin D1 expression silencing
(Fig. 7B). These data demonstrate that thrombin stimulates cell
proliferation by promoting cyclin D1 gene expression.
3.5. Thrombin induces Akt-dependent GSK-3β phosphorylation
In addition to gene expression, Akt signaling may increase cyclin
D1 concentration by distinct molecular mechanisms, including
stabilization [9,20,25]. Glycogen synthase kinase-3β (GSK-3β) re-
presses cell cycle progression by directly phosphorylating cyclin D1
[19] at Thr 286, which promotes its degradation. In order to explore if
thrombin stimulates cyclin D1 accumulation by inactivating GSK-3β,
we examined the inactivation of this enzyme by phosphorylation at
Ser 9. As shown in Fig. 8A increased GSK-3β phosphorylation at Ser 9
was observed following 45 min in the presence of thrombin, which
was sustained up to 480 min. This effect was prevented by the
inhibition of PI3K, PDK1 or Akt (Fig. 8B), suggesting that thrombin
activation of Akt inactivates GSK-3β, hence promoting the stabiliza-
tion of cyclin D1.
4. Discussion
Upon the alteration of the BRB, the interaction of RPE cells with
thrombin contained in blood serum is an important determinant in
the development of proliferative eye disorders generated by theepithelial-mesenchymal transition, proliferation and migration of
RPE cells, and the formation of epiretinal membranes which impair
vision. In fact, intraocular hemorrhage during or after surgery is
among the most important clinical risk factors for the development
of proliferative vitreoretinopathy [30], the major cause of retinal
surgery failure [6]. Although the molecular mechanisms leading to
this outcome have not been established, the activation of Akt/PKB
signaling is a key event in thrombin-induced proliferation of several
cell types [31–33]. The present work was aimed to determine
whether Akt activation is required for thrombin-induced cyclin D1
expression and proliferation in RPE cells.
Our present study demonstrates that, in contrast with ﬁndings
showing that thrombin induces Akt phosphorylation at both Thr
308 and Ser 473 in different cell types [17], this mechanism differs
in RPE cells. Whereas the phosphorylation level of Akt at Thr 308
remains unaltered by thrombin treatment (Fig. 1), Ser 473
phosphorylation was increased in a speciﬁc and dose-dependent
manner (Fig. 2), indicating that Ser 473 phosphorylation is the
regulatory event in thrombin-induced Akt activation in RPE cells.
Our results showed that thrombin stimulation of Ser 473 Akt
phosporylation required 30 min thrombin exposure, which differs
from the fast phosphorylation of Akt observed in response to
tyrosine kinase receptor activation [34,35], suggesting that an
indirect mechanism could mediate PAR-1 signaling to Akt. Based on
recent evidence showing that thrombin induces VEGF secretion in
RPE cells through PAR-1 transactivation of PDGF receptor [29], we
tested the effect of VEGF and PDGF receptor inhibition, and showed
that thrombin stimulates Akt phosphorylation through the trans-
activation of growth factor receptors, which explains the delayed
response of Akt to thrombin (Fig. 3).
PI3K, CaMK and PKC signaling pathways have been implicated in
the regulation of Akt activity [17]. On this matter, thrombin
promotion of PI3K signaling through PAR-coupled G βγ subunits
Fig. 9. Schematic representation of RPE cell proliferation stimulated by thrombin.The
activation of PAR1 stimulates Akt through the parallel activity of PI3K/PDK1 on Thr 308
and that of PLC/CaMKs on Ser 473. While Akt phosphorylates/inactivates GSK3β, the
sustained inhibition of this enzyme, which prevents cyclin D1 degradation, is
conceivably maintained by PKCζ . The increased stability of cyclin D1 prevents nuclear
export thus allowing cell cycle progression and proliferation.
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transcriptional activity in endothelial cells by thrombin is achieved
by the parallel engagement of Gαq/PKC and Gβγ/PI3K signaling
pathways that converge at Akt [33]. We analyzed the possible
contribution of these pathways to thrombin-induced Akt activation
in RPE cells. As expected, the inhibition of PI3K by wortmannin or
LY294002 reduced Akt basal phosphorylation at Thr 308. Surpris-
ingly, thrombin stimulation of Ser 473 Akt phosphorylation was
prevented by PI3K inhibition (Fig. 4), indicating that phosphory-
lated-Thr 308 is required for Ser 473 phosphorylation, in agreement
with recent data obtained in cancer cells [15]. Additionally, the
inhibition of Ser 473 Akt phosphorylation by the inhibition of PI3K
could relate to the decreased formation of PIP3, required for Akt
recruitment to the plasma membrane, prior to activation [37].
Thrombin has been shown to activate PLC in RPE cells [22]. Since
the PLC products, DAG and IP3 (Ca++) are known to stimulate c/nPKCs,
and the calcium/calmodulin-dependent kinases (CaMKs) respec-
tively, we analyzed the contribution of these pathways to the
stimulation of Akt phosphorylation. Our results demonstrate that
whereas PLC inhibition prevented thrombin-induced Ser 473 Akt
phosphorylation, the inhibition of c/nPKC, had no effect (Fig. 5).
Although the participation of the novel PKCδ and PKCθ, which arenot inhibited by Ro-32-0432 [38] cannot be ruled-out, PLC signaling
to Akt seems to involve signals different from DAG-sensitive c/εPKC
isoforms (Fig. 5).
Among the CaMKs activated by PLC-derived calcium increase,
CaMKII has been implicated in Akt activation [39]. We showed that,
although CaMKII does not seem to be involved in thrombin-induced
Akt phosphorylation, the inhibition of calmodulin did prevent
thrombin-induced Ser 473 Akt phosphorylation and also decreased
basal Thr 308 phosphorylation level (Fig. 5), which demonstrates
that PLC-dependent activation of a calcium/calmodulin kinase,
distinct from CaMKII is required for thrombin effect on Akt
activation in RPE cells. On this matter, recent evidence has shown
that Akt is a downstream target for CaMKIII, also known as
eukaryotic elongation factor-2 (eEF-2) kinase [40], and hence,
could be implicated in PLC-induced Akt phosphorylation observed.
Previous studies from our group demonstrated that thrombin-
induced RPE cell proliferation requires cyclin D1 accumulation [23].
We here showed that the inhibition of PDK1 or Akt prevented
thrombin-induced cyclin D1 accumulation (Fig. 6B). Moreover, siRNA
silencing of cyclin D1 expression prevented proliferation (Fig. 7),
conﬁrming that thrombin stimulates proliferation by Akt-dependent
increase in cyclin D1 protein expression. On this line, the inhibition of
DNA synthesis and cell division upon PDK1 and Akt inhibition we
observed (Fig. 6A) are in agreement with previous reports suggesting
that PDK1/Akt signaling is essential for thrombin-induced RPE cell
proliferation [31,41].
In addition to transcriptional control, Akt may contribute to
cyclin D1 nuclear accumulation through the phosphorylation of
GSK-3β on Ser9, which inactivates this enzyme, preventing cyclin
degradation [9,19]. We showed that the stimulation of Akt by
thrombin induces the phosphorylation of GSK-3β (Fig. 8A, B).
Together, these results suggest that the activation of Akt increases
cyclin D1 concentration by two mechanisms: promotion of gene
expression and stabilization of the translated protein.
Although the mechanism by which the transient activation of
Akt Ser 473 (30 to 45 min) induces the sustained phosphorylation
of GSK-3β at Ser 9 up to 480 min stimulation requires further
investigation, our results suggest that while Akt is responsible for
GSK-3β phosphorylation, the phosphorylated state is maintained
through a distinct molecular mechanism. Among the kinases
capable of regulating GSK-3β function, the atypical PKCζ isoform
has recently been shown to phosphorylate GSK-3β at Ser 9 [42].
Since we have shown previously that thrombin-induced cyclin D1
protein expression (unpublished) and RPE cell proliferation require
PKCζ activity [23], it is tempting to speculate that Akt transient
activation induces GSK-3β phosphorylation, whereas the long
lasting activation of PKCζ by thrombin could be responsible for
sustained phosphorylation of GSK-3β and the consequent stabili-
zation of cyclin D1 (Fig. 9).
The activation of Akt/PKB signaling is a key event in thrombin-
induced proliferation of several cell types [4,10,31,32]. Further-
more, this pathway is up-regulated in proliferative pathologies such
as cancer [15,43]. Since proliferation is a key phenomenon in the
development of proliferative eye diseases, our work contributes
information for the development of strategies aimed to the
prevention and treatment of proliferative eye pathologies, which
are a major cause of blindness.
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